Background. Human immunodeficiency virus (HIV) therapy includes a backbone of nucleoside reversetranscriptase inhibitors (NRTIs). Toxicities associated with NRTIs are not fully defined in children.
hibitor (PI) or a nonnucleoside reverse transcriptase inhibitor (NNRTI), is the most commonly used regimen for children with pediatric HIV infection [1] . According to the 2008 US Public Health Service (PHS) guidelines for antiretroviral therapy (ART) for HIV-infected children, the NRTI pairs that are "preferred" for the initial treatment of preadolescent children are abacavir (ABC) or zidovudine (ZDV) plus lamivudine (3TC) or emtricitabine (FTC); or didanosine (ddI) plus FTC [2] . ZDV/ABC and ZDV/ddI are classified as "alternative" pairs, and d4T/3TC or d4T/FTC may be used in special circumstances. Although HAART improves the outcomes of HIV-infected children [3] , it is associated with such toxicities as bone marrow suppression, lactic acidosis, lipoatrophy, hyperlipidemia, peripheral neuropathy, hepatitis, pancreatitis, and hypersensitivity [2, 4] .
In both the pediatric and adult PHS guidelines, d4T/ ddI is "not recommended" [5] . In initial small pediatric [6, 7] and adult [8, 9] studies, d4T/ddI demonstrated good antiviral activity and was well tolerated. Subse-quent larger studies of adults revealed that this combination, when compared with ZDV/3TC, was associated with a significantly increased rate of lactic acidosis, peripheral neuropathy, pancreatitis, lipodystrophy, and hepatitis [10 -15] . Serious, sometimes fatal lactic acidosis with hepatic steatosis, with or without pancreatitis, has been reported in pregnant women receiving d4T/ddI [16 -18] . These adverse events are believed to result from mitochondrial toxicity [17, 19] .
Because few pediatric studies compare the tolerance of different NRTI combinations [20] , we used information from the largest United States-based prospective study of HIV-infected children to study the relative toxicities of the 5 NRTI pairs most commonly used in children: ZDV/3TC, ZDV/ddI, d4T/3TC, d4T/ddI, and ddI/3TC. Our hypothesis is that, in children, ddI/ d4T has a rate of toxicity similar to that of other NRTI pairs, making it appropriate for second-line therapy.
METHODS
We used data from the Pediatric AIDS Clinical Trials Group (PACTG) 219C cohort study, which enrolled HIV-infected and HIV-exposed but uninfected children in the United States from September 2000 through April 2006 and was closed to follow-up in May 2007 [3] . Children enrolled in the PACTG 219C study were eligible for the present evaluation if they were perinatally infected with HIV and had received an ART regimen containing 2 NRTIs at 13 years of age. Although older children were also enrolled in PACTG 219C, we used an age limit of 13 years to conform to pediatric treatment guidelines published elsewhere [2] . The institutions participating in the study obtained approval from their institutional review board (IRB); each child's parent or guardian provided written, informed consent; and each child provided assent according to the regulations of the local IRB.
At the time of enrollment in the PACTG 219C study, the clinical records of the children were abstracted to obtain demographic information and the medical history, including information on all previous ART received, with dates of treatment initiation and discontinuation. In addition, the percentage of CD4-positive T lymphocytes (i.e., the "CD4 ϩ percentage") and the HIV load were determined. ART use, HIV immunologic and virologic parameters, results of routine laboratory tests, and clinical diagnoses were recorded at follow-up visits that occurred every 3 months. Approximately one-half (49%) of the perinatally infected children in PACTG 219C had previously participated in PACTG 219. For children who started receiving a particular NRTI pair before enrollment in PACTG 219C, measurements of the CD4 ϩ percentage were obtained from PACTG 219, when available. The toxicities evaluated included both clinical diagnoses and laboratory test abnormalities. The targeted clinical diagnoses included lipodystrophy or lipoatrophy, metabolic acidosis, lactic acidosis, peripheral neuropathy, pancreatitis, and hepatitis. The targeted laboratory test abnormalities included metabolic acidosis, as reflected by an increase in the anion gap (Na ϩ -[Cl Ϫ ϩ CO 2 ] Ͼ 16 mEq/L); a decrease in the albumin level (Ͻ2 g/dL); an elevation (grade 3 or higher) in levels of aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, bilirubin, creatinine, creatinine phosphokinase (CPK), total amylase, pancreatic serum amylase, or lipase; or a decrease (grade 3 or higher) in hemoglobin, the white blood cell count, the absolute neutrophil count (ANC), or the platelet count.
Grading of these laboratory test abnormalities was based on a table provided by the National Institutes of Health Division of AIDS for grading the severity of adverse events in adults and children [21] .
In evaluating targeted toxicities, we included those that occurred while the subject was receiving a particular dual NRTI regimen for the first time and for 1 month after stopping that regimen. Toxicities were summarized separately for clinical diagnoses and laboratory test abnormalities, and data include the number and percentage of subjects experiencing targeted toxicities, the incidence rates and corresponding confidence intervals, and the Kaplan-Meier estimates for the time until the first targeted toxicity was noted. In evaluating clinical toxicities, we relied on the fact that a complete history of major diagnoses and ART had been collected at entry into the study, and, thus, we included all age-eligible subjects who met the criteria described above (i.e., the full cohort). However, in our evaluation of laboratory test abnormalities, we restricted our evaluation to the subset of subjects who had 1 targeted laboratory evaluation recorded while receiving the dual NRTI regimen of interest (or in the month after stopping therapy), because they were monitored for laboratory test abnormalities (i.e., the laboratory cohort).
Although evaluation of the incidence rates of targeted toxicities allows a descriptive comparison of the 5 NRTI pairs, these incidence rates cannot be compared directly, because some subjects may have received Ͼ1 of the 5 dual NRTI regimens. Instead, pairwise comparisons of toxicities using Cox proportional hazards models were conducted to determine the time to the first targeted clinical diagnosis and laboratory test abnormality. If a subject had received both NRTI pairs being compared, only their experience with the first pair that they received was considered. In addition, a small number of subjects who simultaneously received all NRTIs compared were excluded from the pairwise comparison (e.g., a subject receiving ZDV/3TC/ddI was excluded from the comparison of ZDV/3TC and ZDV/ddI).
For each pairwise comparison, we calculated Kaplan-Meier estimates of the probability of remaining event free for each regimen, as well as a log-rank test comparing the 2 regimens. Subjects without any targeted toxicities were censored 1 month after stopping the regimen or at a maximum of 5 years after initiation of the regimen. Multivariate Cox proportional hazards models were used to adjust the pairwise comparisons for potential confounders, including age and calendar year (before 1997, 1997-2000, or after 2000) at the time of initiation of the regimen, the number of ART regimens previously received (2, 3-9, or 10) , and concurrent use of PIs, NNRTIs, and/or other NRTIs. Final adjusted models included covariates for which P Ͻ .10. In the evaluation of targeted clinical diagnoses, there were insufficient data on the CD4 ϩ percentage before treatment with NRTIs was initiated. However, for evaluation of laboratory toxicities, for the subset of subjects for whom the CD4 ϩ percentage was available, a sensitivity analysis was conducted by further adjusting the multivariate Cox model for the most recent CD4 ϩ percentage level (Ͻ15%, 15%-25%, or Ͼ25%) before initiation of the regimen.
All analyses were conducted using SAS software (version 9; SAS Institute) and included data submitted for the study by April 2006. Comparisons of dual NRTI backbones were based on a prespecified plan of analysis. Two-sided P values of Ͻ.05 were considered to be statistically significant.
RESULTS
Of 2571 children and adolescents perinatally infected with HIV and enrolled in the PACTG 219C study, 2233 (87%) received a regimen that included 2 NRTIs before 13 years of age. These 2233 subjects form the basis for the evaluation of targeted clinical diagnoses (full cohort). The number of children who received each of the 5 NRTI pairs is summarized in table 1, on the basis of the first course of treatment with each combination. In accordance with pediatric treatment guidelines [2] , ZDV/3TC was the most commonly used combination, followed by d4T/3TC, ddI/d4T, and ddI/3TC. ZDV/ddI tended to be used in earlier years than were the other combinations; therefore, the percentage of children who also received a PI or NNRTI is much lower than that associated with other combinations. In addition, ZDV/ddI tended to be used in younger children. In contrast, d4T/ddI tended to be used in later years, which may have reflected its use as a second-line regimen. The median duration of a regimen (i.e., before switching to another regimen) was longest for d4T/3TC and ZDV/ddI and was shortest for ddI/3TC.
Of the 2233 patients who started receiving a dual NRTI-based regimen, 1553 (70%) could be included in the laboratory cohort. Use of the 5 NRTI pairs in this cohort is summarized in table 1, on the basis of the first course of treatment with each combination. The duration of treatment tended to be longer for the laboratory cohort than for the full cohort, in part because of the requirement that there be 1 laboratory test performed while the treatment regimen was received; that is, first courses of treatment that were too short to include routine laboratory monitoring were excluded. The laboratory cohort also tended to include older children who started receiving therapy later than children in the full cohort.
The occurrence of targeted clinical diagnoses for each of the 5 dual NRTI regimens is summarized in table 2. Hepatitis was the most common diagnosis associated with ZDV/3TC, ZDV/ddI, and d4T/3TC; pancreatitis was most often associated with d4T/ ddI; and lipodystrophy/lipoatrophy was most commonly associated with ddI/3TC. NOTE. d4T, stavudine; ddI, didanosine; IQR, interquartile range; NNRTI, nonnucleoside reverse-transcriptase inhibitor; PI, protease inhibitor; 3TC, lamivudine; ZDV, zidovudine.
a All age-eligible subjects who met the study criteria described in the Methods section. b The subset of subjects monitored for laboratory test abnormalities, defined as having 1 targeted laboratory evaluation while receiving the dual NRTI regimen of interest (or in the month after stopping therapy).
The occurrence of abnormalities within the laboratory cohort is also summarized in table 2. For each of the 5 NRTI pairs, the most common abnormality was an elevated anion gap, which occurred in 8%-21% of children. It occurred most often in subjects receiving d4T/3TC and d4T/ddI and least often in those receiving ZDV/ddI. An elevated total serum amylase level occurred in 2%-4% of subjects and was most common among those receiving d4T/ddI and ZDV/ddI. A smaller number of subjects had an elevated lipase level, which was seen most commonly in association with d4T/3TC and d4T/ddI, and an elevated CPK level, which was seen most commonly in association with d4T/3TC and ddI/3TC. A decreased ANC was seen most commonly with ZDV/3TC, d4T/3TC, and ddI/3TC, and a decreased platelet count with d4T/3TC, ddI/3TC, and d4T/ddI. All other laboratory test abnormalities occurred in Ͻ2% of the subjects. Although the pancreatic serum amylase level is a more specific indicator of pancreatitis than is the total amylase level, the total amylase level was routinely monitored in the PACTG 219C study (90%-95% of subjects had 1 measurement obtained), whereas Ͻ3% of subjects had pancreatic serum amylase levels measured. All other laboratory measurements were evaluated in Ͼ97% of subjects, with the exception of the CPK level (90%-95% of subjects), the lipase level (73%-92% of subjects), and the anion gap (67-86% of subjects). Table 3 summarizes both the percentage of subjects with targeted clinical diagnoses and laboratory test abnormalities and the incidence rates adjusted for exposure time for each NRTI pair. The percentage of subjects with a targeted clinical diagnosis NOTE. Data are no. (%) of subjects. ALT, alanine transaminase; ANC, absolute neutrophil count; AST, aspartate transaminase; CPK, creatinine phosphokinase; d4T, stavudine; ddI, didanosine; 3TC, lamivudine; WBC, white blood cell; ZDV, zidovudine.
a More than 97% of subjects had 1 laboratory measurement of AST, ALT, creatinine, albumin, alkaline phosphatase, and bilirubin levels; hemoglobin; WBC; ANC; and platelet count. A total of 90%-95% of subjects had laboratory measurements of CPK and amylase levels available; 73%-92% had measurements of the lipase level available; 67%-86% had measurements of acidosis available; and Ͻ3% had measurements of the pancreatic serum amylase level available.
b As defined by an increase in the anion gap: Na ϩ Ϫ(Cl Ϫ ϩ CO 2 Ϫ ) Ͼ16 mEq/L ranged from 1.9% (for those receiving ZDV/ddI) to 4.1% (for those receiving d4T/3TC), whereas the percentage of subjects with any targeted laboratory test abnormality ranged from 15% (for those receiving ZDV/ddI) to 29% (for those receiving d4T/ 3TC). Subjects who received d4T/3TC had the highest proportion of both clinical and laboratory toxicities. This combination was also associated with the longest median duration of exposure per patient (table 1) and the largest total number of personyears of exposure (table 3) . Patients receiving ddI/3TC had the highest incidence of clinical diagnosis (3.0 cases/100 personyears), followed by those receiving d4T/3TC and d4T/ddI. The incidence rate of laboratory test abnormalities was also highest for ddI/3TC (10 cases/100 person-years) and lowest for ZDV/ ddI. The incidence rates in table 3 suggest that ZDV/ddI has the "safest" toxicity profile, with the lowest incidence rates for both targeted clinical diagnoses and targeted laboratory test abnormalities. The time to the first targeted toxicity, summarized via Kaplan-Meier estimates in figure 1 , again demonstrated that ZDV/ddI was associated with the lowest probability of both clinical and laboratory toxicities. As previously noted, the incidence rates presented in table 3 and figure 1 cannot be compared directly, because some subjects received Ͼ1 of the 5 dual NRTI combinations. Thus, pairwise comparisons were conducted for the time to the first targeted clinical and laboratory toxicity. The unadjusted (univariate) hazard ratios (HRs) and the adjusted HRs from multivariate Cox models adjusting for covariates for which P Ͻ .10 are summarized in table 4, as are their corresponding confidence intervals and P values. After adjustment for potential confounders, ZDV/3TC was associated with a significantly lower risk of a targeted clinical diagnosis than was ddI/3TC (HR, 0.34; P ϭ .05), but it was also associated with a significantly higher risk of laboratory toxicities than was ZDV/ddI (HR, 1.44; P ϭ .05). No significant differences in clinical or laboratory toxicity rates were detected when d4T/ddI was compared with d4T/3TC or ddI/3TC. However, d4T/ddI was associated with a significantly higher rate of clinical toxicities than was ZDV/3TC (HR, 2.56; P ϭ .01). Although the unadjusted analysis indicated that a significantly higher risk of clinical and laboratory toxicities was associated with d4T/ddI than with ZDV/ddI, these associations did not persist in the final model. Finally, d4T/3TC was associated with a significantly higher risk of targeted clinical diagnoses and a marginally higher risk of targeted laboratory toxicities than was ZDV/ddI (HR, 2.63 [P ϭ .001] and 1.39 [P ϭ .08], respectively).
In a sensitivity analysis conducted for subjects in the laboratory cohort for whom measurements of the CD4 ϩ percentage were available (70%-82% of the cohort, depending on the NRTI pair), adjustment for the CD4 ϩ percentage yielded consistent or slightly stronger effects. There was strong evidence for an increased risk of laboratory toxicity associated with regimens containing ZDV/3TC, d4T/3TC, and ddI/3TC, compared with regimens containing ZDV/ddI (HR, 1.65 [P ϭ .02], 1.65 [P ϭ .04], and 2.63 [P Ͻ .001], respectively).
In general, subjects who started receiving an NRTI pair at a younger age tended to have a lower risk of targeted clinical and laboratory toxicities than did subjects who started receiv- NOTE. CI, exact 95% confidence interval based on Poisson distribution; d4T, stavudine; ddI, didanosine; IR, incidence rate per 100 person-years of exposure; 3TC, lamivudine; ZDV, zidovudine.
a Clinical diagnosis or laboratory test abnormality. b All age-eligible subjects who met the study criteria described in the Methods section. c The subset of subjects monitored for laboratory test abnormalities, defined as having 1 targeted laboratory evaluation while receiving the dual NRTI regimen of interest (or in the month after stopping therapy).
ing an NRTI pair at an older age. However, in some of the pairwise comparisons of laboratory toxicities, the risk decreased with increasing age at initiation of therapy up to 7-8 years of age, and it then began to increase slightly with further increasing age. Other covariates found to be associated with an increased risk of targeted clinical diagnoses included a larger number of prior regimens and the inclusion of other agents (PIs, NNRTIs, or an additional NRTI) with the dual NRTI backbone. Covariates associated with an increased risk of targeted laboratory toxicities included initiation of the regimen in later calendar years and a larger number of prior regimens received.
The results in table 4 suggest that, of all the regimens considered, dual NRTI backbones containing ZDV were associated with a lower rate of targeted toxicities than were those containing d4T. As a supporting analysis, we assessed the first course of regimens containing ZDV and the first course of regimens containing d4T. The Kaplan-Meier curves for the time to the first targeted clinical and laboratory test abnormality are shown in figure 2A and 2B. As expected, the regimens containing ZDV were associated with a significantly lower risk of both clinical diagnoses and laboratory toxicities; the difference in the risk of clinical diagnoses persisted after adjustment for all potential confounders (HR, 0.49; P ϭ .02).
In a similar comparison of regimens containing ddI and those containing 3TC, there was no difference in the time to the first clinical diagnosis ( figure 2C ). However, there was a significantly lower risk of laboratory toxicity associated with regimens containing ddI ( figure 2D ), which persisted after adjustment for potential confounders (HR, 0.78; P ϭ .04).
DISCUSSION
Of the 2233 children who were perinatally infected with HIV and were 13 years of age when they started receiving ART, those who received regimens containing ZDV had lower rates of both clinical and laboratory toxicities than did those receiving regimens containing d4T, thereby supporting the inclusion of ZDV in recommended first-line regimens. Regimens containing d4T/ 3TC, d4T/ddI, and ddI/3TC had similar rates of toxicities and are appropriate for second-line therapy in children.
ZDV/ddI, when compared with ZDV/3TC, was associated with a similar risk of clinical diagnoses but a significantly lower risk of laboratory test abnormalities. Overall, of the 5 NRTI pairs, ZDV/ ddI was associated with the lowest rate of toxicities. However, it should be noted that its use was more common in earlier calendar years, and, thus, it was less often used as a part of HAART than were other combinations. In addition, it was used in younger children. However, even after adjustment for calendar year and subject age at initiation of therapy, pairwise comparisons still generally favored the use of ZDV/ddI. Thus, either ZDV/ddI or ZDV/3TC is appropriate for inclusion in first-line therapy, with the choice being informed by their differing toxicity profiles and formulations and the need to administer ddI without food. These pairs had similar toxicity profiles, except that neutropenia was more commonly associated with the use of ZDV/3TC, whereas pancreatitis and acidosis were slightly more commonly associated with the use of ZDV/ddI. Previous pediatric trials comparing ddI and ZDV demonstrated a significantly higher rate of anemia or neutropenia in association with ZDV and a higher rate of elevated liver enzyme levels in association with ddI [22, 23] .
D4T/ddI, compared with the first-line backbone regimen ZDV/3TC, was associated with a significantly higher rate of clinical diagnoses but not of laboratory test abnormalities. The clinical diagnoses that were more commonly associated with d4T/ ddI included pancreatitis and lipoatrophy/lipodystrophy, whereas hepatitis was more commonly associated with ZDV/ 3TC. No significant differences in clinical or laboratory toxicity rates were observed when d4T/ddI was compared with d4T/ 3TC, ZDV/ddI, or ddI/3TC. D4T/3TC, compared with ZDV/ddI, was associated with a significantly higher rate of clinical diagnoses, as well as a higher rate of laboratory test abnormalities, which approached significance. As noted above, d4T/ddI was associated with a significantly higher rate of clinical diagnoses than was ZDV/3TC. Both of these pairwise comparisons involve a comparison between d4T and ZDV, with the addition of a second NRTI (either 3TC or ddI). These results, together with the supporting analysis comparing all NRTI pairs containing ZDV with those containing d4T, illustrate a significantly lower toxicity rate associated with regimens containing ZDV than with those containing d4T. Of pairs containing d4T, d4T/ddI and d4T/3TC had similar rates of toxicities, suggesting that each is appropriate for second-line therapy.
The combination of ddI/3TC was associated with a significantly higher risk of clinical diagnoses than was that of ZDV/3TC, with a higher risk of lipodystrophy/lipoatrophy but a lower risk of hepatitis; the rate of laboratory test abnormalities was similar. DDI/3TC was associated with rates of clinical abnormalities and laboratory test abnormalities similar to those associated with the remaining NRTI pairs. This finding suggests that ddI/3TC should be reserved for second-line therapy, although it might be considered as initial therapy for a child with preexisting liver disease. NOTE. d4T, stavudine; ddI, didanosine; 3TC, lamivudine; ZDV, zidovudine. a "N1" denotes the no. of subjects receiving the first of the NRTI pairs listed in column 1, and "N2" denotes the no. of subjects receiving the second of the NRTI pairs listed in column 1.
b Adjusted for covariates for which P Ͻ .10 in the full model.
Many of the adverse events associated with NRTI therapy are believed to result from mitochondrial toxicity, because these agents inhibit mitochondrial DNA (mtDNA) polymerase ␥, resulting in inhibition of mtDNA synthesis [24, 25] . Toxicities related to mitochondrial toxicity include peripheral neuropathy, lactic acidosis, hepatitis, hepatic steatosis, myopathy, cardiomyopathy, and, possibly, lipoatrophy/lipodystrophy. The NRTIs most active in inhibiting DNA polymerase ␥ are zalcitabine, d4T, and ddI [26, 27] . Studies in adults have demonstrated lower concentrations of PBMC mtDNA in subjects receiving d4T/ddI than in those receiving other NRTI combinations [28, 29] . Mitochondrial haplogroup T has been associated with a significantly increased risk of developing peripheral neuropathy among white adult subjects, particularly among those who receive d4T/ddI [30] . Because most HIV-infected children in the United States are African American or Hispanic, it is possible that mtDNA polymorphisms that predispose to d4T/ddIinduced mitochondrial toxicity are uncommon in these populations. Thus, both younger age and race may account for the modest rates of toxicity that we observed among children receiving d4T/ddI.
Because this was a retrospective study, we were able to examine only those laboratory evaluations dictated by the protocol. For instance, although pancreatic serum amylase is a much more specific marker of pancreatitis than is total amylase, its collection was not specified in the protocol, so results were available for very few subjects. The most common abnormality detected in the laboratory was an elevated anion gap, which occurred in 8%-13% of subjects. This abnormality was included as a marker for metabolic acidosis, which might suggest lactic acidosis. We recognize that the anion gap is neither a specific nor a sensitive indicator of metabolic acidosis. It would have been preferable to measure lactic acid directly, and future prospective studies may benefit from the availability of rapid point-of-care devices to measure blood concentrations of lactic acid.
A limitation of the present analysis is the use of observational data rather than a randomized design, raising the possibility of selection bias. Subjects who experience failure of a particular regimen are likely to be at an increased risk for treatment-related toxicities with subsequent regimens. We attempted to control for such potential confounding by adjusting for the number of previous ART regimens that each subject received and for whether subjects were concurrently receiving a PI, an NNRTI, or an additional NRTI, in which case the toxicities are unlikely to be solely attributed to the NRTIs. Although our ability to control for HIV disease status was limited by the lack of viral load information (a large proportion of regimens were initiated before the availability of viral load quantification), we conducted a sensitivity analysis controlling for the CD4 ϩ percentage at the time of initiation, which generally gave similar if not stronger results.
The conclusions of our analysis must be viewed as somewhat exploratory in nature, given the fact that 10 comparisons were conducted for each of the 2 endpoints, and no adjustment was made for multiple comparisons. However, before conducting our analysis, we developed a detailed analysis plan for the stated protocol objectives, which clearly specified the comparisons of interest. In addition, all comparisons are presented rather than selecting post hoc comparisons on the basis of the observed results. Given the multiple comparisons conducted, we emphasize consistency across analyses and endpoints in drawing conclusions.
Finally, the small number of children in the PACTG 219C study who were receiving FTC, ABC, and tenofovir prevented their inclusion in the analysis. Currently, FTC and ABC are among the preferred first-line agent for children, and all 3 agents are preferred for adults. There is no pediatric formulation of tenofovir, and it is not approved for use in children Ͻ18 years of age. [5] Additional studies are needed to fully define the safety profile of these agents in children.
In summary, regimens containing ZDV are preferred for initial therapy in children, because of their low rates of toxicity. However, regimens containing d4T and ddI/3TC have similar rates of toxicity, which are only modestly higher than those of regimens containing ZDV, and are appropriate for second-line therapy.
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